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The low-lying M1-strength of the open-shell nucleus 50Cr has been studied with the method
of nuclear resonance fluorescence up to 9.7 MeV, using bremsstrahlung at the superconducting
Darmstadt linear electron accelerator S-DALINAC and Compton backscattered photons at the High
Intensity γ-ray Source (HIγS) facility between 6 and 9.7 MeV of the initial photon energy. Fifteen 1+
states have been observed between 3.6 and 9.7 MeV. Following our analysis, the lowest 1+ state at 3.6
MeV can be considered as an isovector orbital mode with some spin admixture. The obtained results
generally match the estimations and trends typical for the scissors-like mode. Detailed calculations
within the Skyrme Quasiparticle Random-Phase-Approximation method and the Large-Scale Shell
Model justify our conclusions. The calculated distributions of the orbital current for the lowest
1+-state suggest the schematic view of Lipparini and Stringari (isovector rotation-like oscillations
inside the rigid surface) rather than the scissors-like picture of Lo Iudice and Palumbo. The spin
M1 resonance is shown to be mainly generated by spin-flip transitions between the orbitals of the
fp-shell.
PACS numbers: 21.10.Re; 23.20.Lv; 25.20.Dc; 21.60.Jz; 27.50.+e
I. INTRODUCTION
During the last decades, investigation of strong mag-
netic dipole (M1) transitions in medium-mass nuclei was
of a keen interest [1–6]. First of all, this was caused by
a diversity of various physical effects related to these ex-
citations: quenching of spin strength and impact of non-
nucleonic degrees of freedom, relation to Gamow-Teller
transitions and relevant astrophysical problems, isospin
degrees of freedom of valence-shell excitations, peculiar-
ities of the orbital scissors-like mode, cross-shell and l-
forbidden transitions, impact of complex configurations,
etc. Furthermore, these nuclei are accessible to modern
large-scale shell model calculations [7, 8] that have the
capability to describe the effects mentioned above. The-
oretical efforts and advanced experiments have finally led
to a significant progress in understanding the features of
M1 excitations in this mass region [6].
Open-shell fp-shell nuclei are particularly important in
this activity [9–11]. Description of these nuclei is rather
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complicated because here deformation and pairing effects
come to play. At the same time, these effects make the
physics of fp-shell nuclei much richer. In particular, de-
formation results in appearance of the low-energy orbital
scissors-like M1 mode (1+sc) [13–16].
So far the experimental data on the M1 1+sc strength
in the fp-region were limited to a few axially deformed
nuclei: 46,48Ti (Z=22)[1] and 56Fe (Z=26) [9]. It was
found that the 1+sc in these nuclei is mainly represented
by one low-energy (in the region 3.4-4.4 MeV) state with
Kpi = 1+. As expected [13–16], this state is character-
ized by a strong M1 transition to the ground state. The
theoretical analysis [1, 9, 12] indicates that the 1+sc in
this mass region is of a mixed (orbital + spin) character,
although with a dominant orbital contribution. Shell-
model calculations [9] demonstrate a considerable depen-
dence of the description on a subtle balance of different
effects such as equilibrium deformation, pairing, interac-
tion parameters, etc.
For a better understanding of the 1+sc features in fp-
shell nuclei, we certainly need experimental data for de-
formed Cr (Z=24) isotopes placed between the Ti and
Fe chains. Jpi = 1+ states of 50Cr are known from pre-
vious (p,p′) experiments [17] and for three of them γ-
2ray transitions have been measured in nuclear resonance
fluorescence (NRF) [18, 19]. B(M1) values are known
only for two 1+ states of 50Cr. A comprehensive M1
strength distribution is missing. It is the purpose of the
present study to provide data for a more comprehensive
M1 strength distribution for the deformed nucleus 50Cr.
This nucleus was studied in photon scattering ex-
periments using NRF [20–22]. The experiment was
performed at the superconducting Darmstadt electron
linear accelerator S-DALINAC [23] using unpolarized
bremsstrahlung with a continuous spectral distribu-
tion from the Darmstadt High Intensity Photon Setup
(DHIPS) [24]. Parity quantum numbers of spin-1
states were determined using the High Intensity γ-Ray
Source [25] operated by the Triangle Universities Nuclear
Laboratory and the Duke Free Electron Laser Laboratory
(DFELL) at Duke University in Durham, NC, USA.
In the present experiment, the spectrum of 50Cr up to
9.7 MeV and the corresponding M1 strength were deter-
mined. The M1 strength for the lowest Kpi = 1+-state
with excitation energy of 3628.2 keV was obtained and
the B(M1) values for 12 strongly excited 1+ states were
measured for the first time.
Two theoretical models were used for further in-
terpretation: Skyrme Quasiparticle Random-Phase-
Approximation (QRPA) [26, 27] and Large-Scale Shell
Model (LSSM) [8]. The self-consistent QRPA and LSSM
rather well reproduce the experimental axial quadrupole
deformation βexp=0.2897(44) [28] of
50Cr and provided
qualitatively close results. The calculations agree upon
the feature that the 3628.2-keV state has predominan-
tely orbital character with a minor spin admixture. This
means that the present experiment provides observation
of the 1+sc in Cr isotopes. The new data essentially supple-
ment the 1+sc systematics in fp-shell nuclei and, as shown
below, lead to a better understanding of 1+sc features in
this mass region. Besides our analysis of the orbital flow
implies a closer correspondence to the schematic view of
Lipparini and Stringari [29] corresponding to isovector
rotation-like oscillations of the nucleons inside the rigid
nuclear surface than to the scissors-like picture of Lo Iu-
dice and Palumbo [13].
The paper is organized as follows. In Sec. II, the
experimental method and data analysis are outlined. In
Sec. III, the theoretical analysis of the results is given.
Sec. IV provides a summary.
II. EXPERIMENTAL METHOD AND DATA
ANALYSIS
In NRF measurements, the excitation mechanism is
purely electromagnetic. Therefore, intrinsic properties
like spin, parity, and transition probabilities can be de-
termined from the measured quantities (angular distribu-
tion, polarization asymmetries, γ-ray energy, and inten-
sity [20–22]) in a model-independent way. For details of
the NRF method, basic relations between the detected
number of events and energy-integrated cross-sections,
transition widths as well as M1 transition strengths,
we refer the reader to the reviews by Metzger [22] and
Kneissl and coworkers [20, 21]. Spin quantum numbers,
cross-sections Ii,0 (energy-integrated scattering cross sec-
tions for exciting a state i and deexciting this state to the
ground state 0), ground-state transition widths Γ0, and
transition strengths B(M1) were measured at the DHIPS
setup.
A series of NRF experiments was performed at TU
Darmstadt and at Duke University. The photon-
scattering experiment with unpolarized bremsstrahlung
from the Darmstadt linear electron accelerator S-
DALINAC [23] was performed at the Darmstadt High In-
tensity Photon Setup (DHIPS) [24]. Two measurements
on 50Cr were performed with bremsstrahlung at endpoint
energies of 7.5(1) MeV and 9.7(1) MeV, respectively. The
measurement with 7.5(1) MeV bremsstrahlung has been
carried out to identify transitions via intermediate states.
Bremsstrahlung has been produced by completely stop-
ping the intense electron beam from the S-DALINAC’s
injector in a thick copper radiator target. The generated
photon beam passes a massive copper collimator result-
ing in a beam spot with a size of about 2.5 cm diameter at
the NRF target position. Target nuclei are excited by the
resonant absorption of photons and subsequently decay
either directly or via intermediate states to the ground
state.
Scattered γ-rays were detected by three HPGe detec-
tors with 100% efficiency relative to a standard 3" × 3"
NaI detector at a γ-ray energy of 1.3 MeV. They are
placed at polar angles of 90◦ and 130◦ with respect to
the incident beam. The detectors were surrounded by
lead and BGO Compton suppression shields. The first
measurement was performed with 2.0 g of an isotopi-
cally enriched 50Cr target (96.416% enriched) using an
end-point energy of E0 = 9.7(1) MeV and average elec-
tron beam currents of about 20 µA. In this measure-
ment data were taken for about 131 hours. For energy
and photon-flux calibrations 399.3 mg of enriched 11B
(99.52% enriched) were used that were irradiated simul-
taneously. The efficiency of the two HPGe detectors was
determined with a 56Co source up to about 3500 keV en-
ergy. For higher photon energies the gamma-ray detec-
tion efficiencies were extracted from a simulation using
the Geant4 toolkit [30]. The second measurement was
performed with the same target mass using an end-point
energy at E0 = 7.5(1) MeV and average electron beam
currents of about 33 µA. In this measurement, data were
taken for about 105 hours.
Photon scattering spectra of the 50Cr(γ, γ′) reaction
from DHIPS between 3000 and 10000 keV for the detec-
tor at 130◦, measured at E0 = 9.7(1) MeV are shown in
Fig. 1. We have observed 33 excited states of 50Cr with
spin quantum numbers J = 1. In this work, we focus
on Jpi=1+ states. M1 transitions to the ground state of
50Cr are indicated in Fig. 1 by arrows. In the following,
transitions corresponding to direct decays to the ground
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FIG. 1: Photon scattering spectra of the 50Cr(γ, γ′) reaction
from DHIPS between 3000 keV and 10000 keV for the 130◦
detector, measured at E0 = 9.7 MeV. Ground-stateM1 tran-
sitions of 50Cr are indicated by arrows.
state are called elastic transitions and those decaying via
intermediate states will be referred to as inelastic transi-
tions.
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FIG. 2: Experimental asymmetry for the M1 transitions ob-
served at HIγS.
Parity quantum numbers of spin-1 states were deter-
mined at the High Intensity γ-Ray Source [25] operated
by the Triangle Universities Nuclear Laboratory and the
Duke Free Electron Laser Laboratory (DFELL) at Duke
University in Durham, NC, USA. This facility provides a
quasi-monoenergetic beam of nearly completely linearly
polarized photons from Laser Compton Backscattering
(LCB) in the entrance channel. For details of the analy-
sis procedure, we refer the reader to Refs. [31, 32]. The
measurement was performed with 2.0 g of an isotopi-
cally enriched 50Cr target (96.416% enriched). The tar-
get was centered between four HPGe detectors which
were placed in a cross-like geometry at polar angles of
90◦ with respect to the incident beam, two of them have
100% relative efficiency and the other two have 60% rel-
ative efficiency, respectively. In this setup, two detectors
were placed in the (horizontal) polarization plane of the
incident γ-ray beam at azimuthal angles ϕ = 0◦ and
ϕ = 180◦ and the other two were placed perpendicular
to it at ϕ = 90◦ and ϕ = 270◦, respectively.
The experimental asymmetries ε for the M1 transi-
tions observed in the measurements at HIγS are shown
in Fig. 2. The asymmetry ε is defined by the ratio of
the measured and efficiency-corrected peak intensities A‖
and A⊥, within and perpendicular to the polarization
plane, respectively:
ε =
A‖ −A⊥
A‖ +A⊥
= q · Σ. (1)
Here, Σ is the analyzing power and q is the experimental
sensitivity which accounts for the finite opening angles
of the detectors and the finite size of the target. The
analyzing power Σ of NRF amounts to +1 for a Jpi = 1+
state and −1 for Jpi = 1− state, respectively. For this
setup, the experimental sensitivity q amounts to 0.86(1).
In total 13 M1 excitations of 50Cr have been observed in
this experiment.
3 4 5 6 7 8 9 10
Energy (MeV)
0
0.2
0.4
0.6
0.8
1
B
(M
1) 
(µ
2 N
)
50Cr
FIG. 3: The experimental B(M1) values for the ground state
transitions.
III. RESULTS AND DISCUSSION
A. Experimental results
The experimental results are summarized in Table I
and Figure 3. In the present work, we have deduced M1
strengths in 50Cr for the first time through the (γ,γ′)
reaction in addition to the 3628.0-keV transition, whose
M1 strength has previously been measured via (γ,γ′) [18]
and (e,e′) [1, 17, 33] experiments albeit with larger un-
certainties. In the present experiment, the uncertainty
of the cross section has been reduced for the 3628.0-keV
transition. Nine of the observed excited states of 50Cr
may be already known from a (p,p′) experiment [17] and
three states (3628.2, 7645.7 and 8885.6 keV) were known
4TABLE I: Transitions observed in the 50Cr(γ,γ′) reaction with an endpoint energy of 9.7 MeV. Experimental uncertainties of
the excitation energies are less then 0.5 keV.
Ex
a
Eγ
a
W (90◦)
W (130◦)
Jpi Ii,0 Γ0
Γi
Γ0
b
B(M1) ↑ B(M1) ↑ Γ0
red
(keV) (keV) (eVb) (eV) (µ2N) (µ
2
N ) (meV/MeV
3)
3628.2 3628.0 0.74(2) 1+c 120(5) 0.205(9) 1.113(49) 0.99(12)
d
4.29(19)
2845.0 0.49(1)
4997.0 4996.7 0.78(6) 1(+)e 16.2(12) 0.070(7) 0.145(15) - 0.56(6)
4213.8 1.0(1)
5931.2 5930.8 0.92(9) 1+ 23.9(20) 0.073(6) - 0.091(7) - 0.35(3)
7600.8 7600.2 0.80(10) 1+ 66.4(73) 0.334(37) - 0.197(22) - 0.76(8)
7645.7 7645.1 0.69(17) 1+ 23.2(28) 0.118(14) - 0.068(8) - 0.26(3)
7948.1 7947.4 0.78(3) 1+ 197.7(96) 1.382(79) 0.714(41) - 2.75(16)
7164.5 0.27(2)
8045.8 8045.1 0.77(10) 1+ 42.2(47) 0.238(26) - 0.118(13) - 0.46(5)
8121.5 8120.8 0.76(20) 1+ 16.4(20) 0.094(11) - 0.045(5) - 0.18(2)
8528.1 8527.4 0.70(8) 1+ 96(11) 0.85(11) 0.353(48) - 1.36(18)
7743.1 0.39(6)
8885.6 8884.8 0.82(8) 1+ 77.7(68) 0.534(47) - 0.197(17) 0.277(74)e 0.76(7)
9007.9 9007.0 0.88(13) 1+ 40.5(48) 0.286(34) - 0.101(12) - 0.39(5)
9208.3 9207.4 0.77(20) 1+ 50(12) 0.369(89) - 0.123(30) - 0.47(11)
9409.5 9408.5 0.78(14) 1+ 105(17) 0.81(13) - 0.252(41) - 0.97(16)
9579.1 9578.1 0.97(25) 1+ 37.7(78) 0.301(62) - 0.089(18) - 0.34(7)
9719.1 9718.1 0.85(11) 1+ 173(21) 1.42(17) - 0.402(49) - 1.55(19)
aThe difference between the the excitation energy (Ex) and tran-
sition energy (gamma-ray energy (Eγ)) is due to the nuclear recoil.
bBranching ratio.
cFrom Refs. [1, 17, 33].
dFrom Ref. [18].
eFrom Ref. [34].
from (γ,γ′) [18, 19] experiments. For twelve 1+ states of
50Cr, our data provide first information on their γ-decay
transitions.
Using linearly polarized quasi-monoenergetic photons
at HIγS, positive parity quantum numbers were assigned
to 13 states apart from the 3628.2-keV state. The defi-
nite positive parity quantum number assignment for the
3628.2-keV state has been adopted from earlier (p,p′ )
and (e,e′) [1, 17, 33] experiments. Three new M1 tran-
sitions (5930.8, 8045.1 and 8120.8 keV) have been iden-
tified in the present work and for thirteen 1+ states M1
excitation strengths have been obtained for the first time.
The experimental B(M1) values into the ground state
are shown in Figure 3. The M1 strength distribution
exhibits an intriguing pattern: an isolated, rather strong
M1 excitation at low energy at 3.6 MeV is separated
from an accumulation of fragmented M1 strength above
7 MeV. A strongly excited Jpi = 1+ state at an excita-
tion energy of 3628.2 keV with a strength of B(M1) ↑ =
1.113(49) µ2N is observed. The rest of the observed M1
excitations in 50Cr is expected [17] to be generated by
spin excitations, mainly from f7/2 → f5/2 orbitals like
in 52Cr [35]. We will first concentrate on the 1+ state
at 3628.2 keV. This state could correspond to a moder-
ately collective scissors-like mode. This mode has been
predicted [13, 14] and then discovered in (e,e′) reactions
by A. Richter et al. [15] in heavy deformed nuclei. As
mentioned above, the 1+sc state was also reported in the
open fp shell nuclei 46Ti, 48Ti [1] and 56Fe (Z=26) [9].
The experimental value of the quadrupole deformation
parameter βexp for
50Cr is 0.2897(44) [28], which indi-
cates that this nucleus is well deformed and hence can
support the formation of a 1+sc state. The ratio of the
M1 transition rates of the 1+ level at 3628.2 keV to the
ground state and the first-excited 2+ state (at 783.32
keV excitation energy) is found to be
B(M1;1+
1
→2+
1
)
B(M1;1+
1
→0+
1
)
=
Γ1
Γ0
·(
Eγ0
Eγ1
)3 = 1.02(2) with Eγ0,(1) being the γ-ray tran-
sition energy to the ground (first-excited) state. This
value is larger by a factor of 2 compared to the value of
0.5 obtained by employing the Alaga rule [36]. This dis-
crepancy hints at some degree of K mixing, perhaps 50Cr
exhibits some degree of gamma-softness [37].
Since in 50Cr neutron and proton Fermi levels are in
the same open subshell, spin magnetism is also expected
in the lowest 1+ state. Therefore, the state at 3628.2
keV should be of a mixed orbital/spin nature. It is also
excited in (p,p′) reactions [17], which points to a sufficient
contribution of spin-M1 strength.
The available experimental results for the 1+sc in fp-
shell nuclei, including the present data, are exhibited in
Fig. 4. It is instructive to see how much these data match
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FIG. 4: B(M1)↑ values for 1+sc states of
46,48Ti [1] and 56Fe [9]
along with the 3.628 MeV state of 50Cr. The experimental
deformation parameters βexp [28] are given for each nucleus.
early [2, 6, 16, 38]
E = 66δA−1/3MeV, (2)
B(M1) = 0.0042EA5/3δ2g2r µ
2
N , (3)
and modified [39]
E = 13.4
√
1 + (3δ)2A−1/3MeV, (4)
B(M1) = 0.66
δ3
1 + (3δ)2
A4/3g2eff µ
2
N , (5)
empirical estimations for 1+sc energies and B(M1) val-
ues. Here, δ = 0.946β is the deformation parameter;
gr = 2Z/A is the orbital factor, geff = cggr with cg=0.8
[39]. The deformation parameter β in Figs. 4-7 is re-
lated to the value B(E2) ↑= B(E2, 0+1 → 2
+
1 ) as [40]
βexp =
4pi
3ZR2
0
√
B(E2) ↑ /e2 with R0 = 1.2 A
1/3fm. As
seen below from Fig. 5, estimations (2)-(3) and (4)-(5)
give for fp-shell nuclei rather close results.
The data are compared to the estimates according to
Eqs. (2)-(3) and (4)-(5) in Fig. 5. We see in panel (a)
that the experimental values lie somewhat below the es-
timation but closely follow the linear dependence on the
deformation parameter, which is a strong fingerprint of
a scissors-like excitation. Our data on 50Cr well fit this
trend. Following the panel (b), the correspondence of the
experimental and estimated B(M1)-values is also quite
satisfactory. Some deviations from the phenomenologi-
cal estimates can be explained by that in fp-nuclei the
states are determined by a few two quasiparticle (2qp)
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FIG. 5: Experimental 1+sc energies (top) and B(M1)-values
(bottom) as compared to estimations (2)-(3) and (4)-(5) in
46,48Ti [1], 50Cr (present work) and 56Fe [9]. The experimen-
tal deformation parameters βexp are taken from [28].
components and the orbital motion is supplemented by
a significant spin admixture (see discussion below). Al-
together one may state that our results for the state at
3.628 MeV rather well fit the 1+sc systematics, which justi-
fies the assignment of predominantly scissors-like nature
to this state. In the next section, our theoretical analysis
presents additional arguments in favor of this conclusion.
B. Theoretical analysis
The M1 strength in 50Cr was analyzed within the
Skyrme Quasiparticle Random-Phase-Approximation
(QRPA) [26, 27] and a Large-Scale Shell Model (LSSM)
[8].
1. Skyrme QRPA
Results of the self-consistent Skyrme-QRPA calcula-
tions are presented in Figs. 6-9 and Tables II and III.
The calculations are performed with a QRPA restricted
to axial symmetry [27] for axially deformed nuclei. The
Skyrme QRPA method is fully self-consistent since i)
both the mean field and the residual interaction are de-
rived from the same Skyrme functional and ii) the resid-
ual interaction includes all the functional contributions
as well as the Coulomb direct and exchange terms. The
Skyrme parameterization SGII [41] is used. The volume
δ-force pairing is treated at the BCS level [44]. The pa-
rameter of the equilibrium axial quadrupole deformation
β=0.30 is determined by minimization of the total energy
6of the system. The calculated β is in a satisfactory agree-
ment with the experimental value βexp=0.2897(44) [28].
The spurious strength is concentrated below 2 MeV (not
shown in Figs. 6, 7 and 9) and does not noticeably affect
the results. Note that applications of the self-consistent
Skyrme QRPA to magnetic orbital and spin excitations
in deformed nuclei are still very limited and mainly de-
voted to heavy deformed nuclei, see e.g. [42, 43]. To our
knowledge, the present Skyrme QRPA exploration is the
first one for medium deformed nuclei.
3 4 5 6 7 8 9
0
1
2
3 4 5 6 7 8 9
0
1
2
2 3 4 5 6 7 8 9 10
0
1
2
 
 
 
 
orb+spin
Skyrme QRPA
K=1
50Cr
B
(M
1)
2 N
)
 
 (b)
orb
(a)
 
 
 (c)
E (MeV)
spin
FIG. 6: Total (a), orbital (b), and spin (c) M1 strengths K=1
calculated within Skyrme QRPA with the force SGII.
Figure 6 presents calculated B(M1) values obtained
for the total (orbital + spin), orbital, and spin M1 tran-
sitions IpiK = 0
+
0,gs → 1
+
1,ν from the ground state to the
ν-th QRPA state with Kpi = 1+. In the spin part, the
familiar quenching factor of 0.7 is used. The calcula-
tions result in a 1+ state at 2.71 MeV with a large M1
excitation strength of B(M1)↑=1.52 µ2N . By compar-
ing B(M1) values in the plots a), b) and c), it is easy
to see that the magnetic strength of this state is pro-
duced by a constructive interference of the orbital and
spin parts. The orbital strength dominates which indi-
cates a predominantly scissors-like character of the state.
The mainly scissors-like nature of this state is also sup-
ported by a satisfactory agreement of its excitation en-
ergy and B(M1) strength with the systematics for the 1+sc
as a function of nuclear deformation and mass number.
Note that the calculated 2.71-MeV state is not purely or-
bital but has some spin admixture, which is typical [12]
for light and medium deformed nuclei. Despite a notice-
able energy difference, the 2.71-MeV state corresponds to
the experimentally observed state at 3.628 MeV because
both of them deliver experimentally and theoretically a
maximal B(M1) strength in the energy range 2-4 MeV.
The scissors-like character of the calculated 2.71-MeV,
1+ state can be additionally confirmed by comparison
of the proton, isoscalar (∆T=0) and isovector (∆T=1),
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FIG. 7: Proton (a), isoscalar (b), and isovector (c) E2
strengths K=1 calculated within the Skyrme QRPA with the
force SGII. In panel (b), high peaks at 3.9 and 5.5 MeV
(with B(E2)=116 and 101 e2fm4, respectively) are marked
by crosses.
∆K=1 B(E2;IpiK = 0
+
0,gs → 2
+
1,ν) values of the associ-
ated 2+1,ν state belonging to the same band. These values
were obtained with the effective charges epeff = 1, e
n
eff = 0;
epeff = e
n
eff = 1; and e
p
eff = −e
n
eff = 1, respectively. The
B(E2) strengths are exhibited in Fig. 7. For the conve-
nience of comparison with Fig. 6, the strengths are plot-
ted as a function of the excitation energies E1+
1,ν
for the
QRPA states with K=1 (The energies of (0+0,gs → 2
+
1,ν)
transitions can be roughly estimated in the approxima-
tion that the moment of inertia of K=1 bands is the same
as in the ground-state band. Then the rotational in-
crement (E2+
1,ν
-E1+
1,ν
) to E1+
1,ν
is ∼522 keV.). Fig. 7
shows that, for the band based on the calculated 2.71-
MeV state, we get a negligible B(E2, ∆T=0) but size-
able B(E2, ∆T=1) value. This clearly emphasizes the
isovector excitation character of the state. Moreover, the
B(E2, ∆T=1) value calculated for this state is the largest
for all states below 6 MeV. This observation points to the
close relation of this state to the underlying quadrupole
deformation. Both aspects match the isovector nature of
the scissors-like mode which is usually viewed as rotation-
like out-of-phase oscillations of the deformed proton and
neutron subsystems.
The nature of the 2.71-MeV state is further inspected
in Fig. 8, where distributions (proton, neutron, isoscalar
and isovector) of the orbital transition current of this
state are exhibited. The distributions represent the pro-
ton (p) and neutron (n) transition densities of the con-
vection current, as well as their sums (∆T=0) and dif-
ferences (∆T=1). For the convenience of the view, the
currents in all the panels are equally scaled so as to ex-
hibit mainly the strong flows. The figure shows that the
orbital motion is basically represented by rotation-like
7out-of-phase oscillations of protons and neutrons. Indeed
in the regions of most intense flow (at the left and right
nuclear surface), the protons and neutrons move in the
opposite directions (compare plots a) and b)). In these
regions, the ∆T=1 motion dominates over the ∆T=0
one. It is remarkable that the ∆T=1 motion is most pro-
nounced in the region of the nuclear equator and weak at
the nuclear poles. This is surprising since the scissors-like
picture suggests the opposite. One may suggest that the
orbital motion in 2.71-MeV state actually corresponds
not to the scissors-like flow proposed by N. Lo Iudice
and F. Palumbo [13] but to an alternative picture from
E. Lipparini and S. Stringari [29], where the isovector
motion takes place inside the rigid surface and is maxi-
mal in the equator region. These two pictures are analo-
gous to the Goldhaber-Teller [45] and Steinwedel-Jensen
[46] treatments of the electric isovector giant dipole res-
onance, respectively. Our self-consistent Skyrme-QRPA
results more closely correspond to the Lipparini-Stringari
picture for the low-energy orbital M1 mode.
Now let’s briefly discuss the states at E > 4 MeV,
i.e. above the scissors-like mode. As seen from Fig. 6,
these states are mainly of a spin nature with only a few
exceptions at ∼4 and 6.5-7.5 MeV. The spin states form
two groups at ∼5 and ∼8 MeV, that constitute altogether
the K=1 branch (with both K=±1 contributions) of the
M1 spin giant resonance.
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FIG. 8: Proton (a), neutron (b), isoscalar (c), and isovec-
tor (d) orbital currents in x-z plane for the 2.71 MeV-state
calculated in the Skyrme QRPA with the force SGII. In all
the panels, the currents are equally scaled to demonstrate the
most strong flows. The magnitude of the current is deter-
mined by the arrow length.
A more general view of this resonance is given in Fig. 9
TABLE II: The energies E, B(M1) values and two maximal
2qp components of particular IpiK,ν QRPA states with K=1
and 0. The components are given in Nilsson quantum num-
bers [NnzΛ]. N denotes the contribution of the component
to the state norm.
E B(M1) p/n 2qp N
MeV µ2N
K=1
2.71 1.52 n [303]7/2 [312]5/2 69%
p [312]5/2 [321]3/2 27%
5.01 1.20 n [321]3/2 [321]1/2 54%
p [321]3/2 [321]1/2 33%
7.70 1.30 n [312]5/2 [301]3/2 40%
n [321]3/2 [310]1/2 29%
K=0
11.0 1.56 p [312]5/2 [303]5/2 32%
n [321]3/2 [301]3/2 25%
where the M1 strength function
S(M1;E) =
∑
ν
| 〈1+K,ν |Mˆ(M1,K)|0 〉|
2 ξ∆(E − E1+
K,ν
)
(6)
is presented. Here |0〉 is the ground state wave func-
tion, |1+K,ν〉 and E1+
K,ν
are QRPA states and energies,
Mˆ(M1,K) is the M1 transition operator with the pro-
jection K, ξ∆(E −E1+
K,ν
) = ∆/(2pi[(E −E1+
K,ν
)2−∆2/4]
is the Lorentz smoothing with the averaging parameter
∆=0.5 MeV.
Figure 9 shows that the spin resonance basically con-
sists of two bumps at ∼5 and ∼8 MeV from the K=1
branch and the bump at ∼11 MeV from the branch K=0.
Altogether spin excitations fill a broad region from 5-13
MeV, which well matches a resonance region in LSSM cal-
culations, see Fig. 10 below. In our QRPA calculations,
the spin resonance is not concentrated in one broad bump
but looks like a sequence of few well separated structures.
This may be expected from the fact that QRPA omits
parts of the spin correlations. As seen from Fig. 10, the
inclusion of more correlations in the LSSM allows to mix
the separate structures and to form a broad regular res-
onance.
Figure 9a) shows that the interference of the orbital
and spin excitations is constructive at E<7 MeV and de-
structive at higher energies. As seen from Fig. 9b), the
excitations in the energy interval of our interest, E<10
MeV, almost completely belong to the K=1 branch. In
the energy interval 4.5-14 MeV where the spin M1 res-
onance is localized, the calculated total M1 strength is
∼5.9 µ2N . This is in accordance with the experimental
strengths of 5-7 µ2N found in
24Mg and 28Si [2]. For the
interval 2-9.7 MeV covered by the present experiment,
the calculations give a total strength of ∼6.2 µ2N which
somewhat overestimates the total observed M1 strength
∼ 4.01 µ2N .
It is instructive to see the structure of the QRPA states
providing the dominant contribution to the orbital and
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FIG. 9: (Color online) Strength functions in 50Cr smoothed
by the Lorentz weight with ∆=0.5 MeV. Panel (a): orbital
(red dashed curve), spin (blue solid curve) and total or-
bital+spin (black bold curve) strengths. Contributions from
all the projections (K=0 and 1) are included. Panel (b): K=0
(red dashed curve), K=1 (blue solid curve) and total (black
bold curve) strengths.
spin bumps in Fig. 9. This information is given in Ta-
ble II. The table shows that the calculated 1+sc at 2.71
MeV is formed by ∆K=1 transitions between the levels
[303]7/2, [312]5/2 and [321]3/2. They are neighboring
levels arising due to the deformation splitting of the 1f7/2
subshell. Thus one encounters here a typical scheme for
orbital excitations. Note that the collectivity of the 2.71-
MeV state is low. Its two largest components exhaust
96% of the norm.
Table II also shows the structure of the calculated
states at 5.01, 7.70 and 11.0 MeV that strongly contribute
to the main parts of the spin M1 resonance in Fig. 9. It
is seen that these states are rather collective. Their two
largest components give altogether only 57-87% of the
norm. Some of the components, e.g. [312]5/2-[301]3/2
in the 7.70 MeV-state and [321]3/2-[301]3/2, [312]5/2-
[303]5/2 in the 11.0 MeV-state directly correspond to the
1f7/2−1f5/2 spin-flip transition. The strong deformation
splitting spreads the strength of 1f7/2− 1f5/2 transitions
over different QRPA states. Since the QRPA description
does not include all correlations, the spin M1 resonance
is yet represented by a small number of states and looks
like a sequence of a few separated structures. The more
comprehensive picture of the spin M1 resonance is given
below in terms of the shell model which includes more
correlations.
2. Large-scale shell model
The results of the LSSM calculations are presented
in Figure 10. We start with a reminder of the compu-
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FIG. 10: Total (a), orbital (b), and spin (c) M1 excitation
strengths calculated within a large-scale shell-model with the
KB3G interaction.
tational procedures used in [37], which we follow here.
In the spherical shell model, 50Cr is described in a 0~ω
space, i.e., ten particles are allowed to occupy all the
states available in the fp shell. The KB3G [47] interac-
tion is used. The single-particle energies are taken from
the experimental spectrum of 41Ca.
Figure 10 shows B(M1) values obtained for the total
(orbital + spin), orbital, and spinM1 transitions. In the
spin part, a quenching factor of 0.75 [48] is used. The
calculations give the state at 3.5 MeV with a sizeable
strength B(M1) = 0.826 µ2N . The orbital strength domi-
nates the 3.5 MeV state, which indicates the scissors-like
character of the state. It should be pointed out that in
the LSSM the 3.5-MeV state is not purely orbital but also
has some spin admixture, which appears in the QRPA
calculations. The calculated 3.5-MeV state matches re-
markably well with the experimentally observed state at
3628.2 keV.
The LSSM calculations show that M1 transitions
above 3.6 MeV are mainly of spin character (see lower
panel of Figure 10). The calculated summedM1 strength
9TABLE III: Calculated B(E2, 0+1 → 2
+
1 )↑ value and charac-
teristics of the lowest 1+1,ν=1-state of
50Cr (energy E, total
excitation strength B(M1)↑, orbital strength B(M1)O, spin
strength B(M1)S, and ratio R=B(M1)O/B(M1)S) as com-
pared to the present experimental data.
Exp. Skyrme QRPA LSSM
B(E2)↑e2b2 0.1052(32)a 0.11 0.108
E [MeV] 3.628 2.71 3.54
B(M1) [µ2N ] 1.113(49) 1.52 0.826
B(M1)O [µ
2
N ] - 0.60 0.316
B(M1)S [µ
2
N ] - 0.21 0.120
R - 2.9 2.6
aFrom Ref. [28].
in the experimentally investigated energy range from 2 -
9.7 MeV amounts to ∼5.6 µ2N as compared to the mea-
sured value of 4.1(1) µ2N . The total calculated strength
in the resonance, energy interval 4.5 - 14 MeV, is ∼6.6
µ2N in good correspondence to the QRPA result of 5.9
µ2N .
In Table III, the LSSM results are compared to QRPA
ones and present experimental data. The table shows
that the LSSM better describes the level energy than the
Skyrme QRPA. Most probably this is because the LSSM
takes into account the coupling to complex configura-
tions, omitted in the QRPA.
IV. SUMMARY AND OUTLOOK
The low-lying M1-strength in the open-shell nucleus
50Cr has been determined with the method of nuclear
resonance fluorescence using bremsstrahlung at the su-
perconducting Darmstadt linear electron accelerator S-
DALINAC and Compton backscattered photons at the
High Intensity γ-ray Source (HIγS) facility. Fifteen 1+
states have been observed between 3.6 and 9.7 MeV. Fur-
ther, 14 γ-ray transitions and 13 B(M1) values have been
measured for the first time.
The experimental results were compared to cal-
culations in the self-consistent Skyrme Quasiparticle
Random-Phase-Approximation (QRPA) [26] and the
Large-Scale Shell Model (LSSM) [8]. The QRPA allowed
to highlight the basic features and origin of 1+ states
while the LSSM demonstrated the important role of com-
plex configurations. Both models reproduce the similar
B(E2) values.
Following our theoretical analysis and comparison with
other available results for fp-shell nuclei the lowest 1+-
state at 3.6 MeV was identified as an isovector orbital
mode with some spin admixture. In agreement with pre-
vious studies for fp-shell nuclei [9], a constructive interfer-
ence of the orbital and spin contributions for this state
was confirmed. This augments the previous rare data
(46,48Ti [1] and 56Fe [9]) on this orbital mode in the fp-
shell region. The obtained data match the estimations
and trends for the scissors-like mode in a satisfactory
way.
It is also interesting that distributions of the orbital
current, computed within the Skyrme QRPA for the low-
est 1+-state, favor the schematic picture of Lipparini and
Stringari [29] (isovector rotation-like oscillations inside
the rigid surface) rather than the scissors-like view of Lo
Iudice and Palumbo [13].
The spin excitations above the scissors-like mode were
also inspected. The QRPA calculation confirms that the
spin M1 resonance in 50Cr is provided by spin-flip tran-
sitions (mainly 1f7/2 − 1f5/2) inside the fp-shell.
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